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ABSTRACT Behavior and sounds associated with mating of mass-reared irradiated and untreated
(nonirradiated) Bactrocera tryoni (Froggatt) (Diptera: Tephritidae) males were analyzed from syn-
chronous acoustic and video records. The ßies tested were from a population used in sterile release
programs that help maintain fruit-ßy-free areas in Australia. Males typically produce “calling,” “court-
ship,” and “copula” sounds as mating progresses. Calling sounds are variable-duration bursts of wing
vibrations produced before the male orients toward the female. Rapid bursts of courtship sounds of
relatively constant duration are produced after orientation toward the female. Copula sounds of
variable amplitude and duration are produced after mounting. There was a signiÞcant negative
correlation between courtship wingbeat frequency and wing width of untreated males, and those that
copulated had a lower frequency than those that failed. Wingbeat frequencies in ßight, calling,
courtship, and copula sounds were signiÞcantly correlated within ßies, possibly because they all are
produced by the same ßight motor, with amplitudes affected by the positioning of the wings relative
to “stops” on the thorax. The temporal patterns of calling and courtship sounds differed signiÞcantly
between irradiated and untreated males. Irradiation is known to damage insect central nervous system
interneurons and thereby alter the coordination and timing of behavioral activities, but this is the Þrst
study identifying an effect of irradiation on tephritid calling and courtship sounds. Although differ-
ences in temporal patterns of calling and courtship sounds have potential to affect mating compet-
itiveness,nodifferenceswereobserved inproportionsof irradiatedanduntreatedmales thatcopulated
in the laboratory.
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The Queensland fruit ßy,Bactrocera tryoni (Froggatt)
(Diptera: Tephritidae), a major pest in eastern Aus-
tralia (Sutherst et al. 2000), is excluded from several
important fruit-growing regions by areawide manage-
ment that relies largely on public education, surveil-
lance traps, and the sterile insect technique (SIT)
(Dominiak et al. 2003, Meats et al. 2003). The goal of
SIT (e.g., Vreysen et al. 2006) is to ßood infested areas
with reproductively sterile males that successfully
compete with wild males for copulation with wild
females, whose eggs then fail to develop. The popu-
lation of wild ßies thereby declines in the subsequent
generation. The mating competitiveness of sterile
males strongly inßuences the effectiveness of SIT
(Robinson et al. 2002). Mass rearing and irradiation

used to induce sterility can impair the mating com-
petitiveness of some tephritids used in SIT programs
(Cayol 2000, Briceño et al. 2002, Hendrichs et al.
2002); consequently, knowledge of the sexual behav-
ior of fertile and sterile mass-reared B. tryonimales is
of considerable practical interest.
B. tryoni mate only during a brief �30-min period

around dusk (Barton Browne 1957, Tychsen and
Fletcher 1971, Fletcher and Giannakakis 1973, Tych-
sen 1977). Initially, males position themselves on the
undersides of leaves, release mate-attracting phero-
mones, and vibrate their wings audibly in trains of
pulses 50 ms or longer. When this behavior was Þrst
identiÞed (Monro 1953, Tychsen 1977), the sounds
produced were thought to be stridulations. Neale
(1989) subsequently renamed the wing vibrations as
“calling sounds” based on their waveforms and fre-
quencies, and the similarity of these behaviors to the
pheromone emission and wing vibration behaviors of
Ceratitis capitata (Wiedemann) (Webb et al. 1983)
and Bactrocera (Zeugodacus) cucurbitae Coquillett
(Kanmiya et al. 1987). When females alight on male-
occupied leaves, the males orient and court them with
furtherwingvibrations, producingburstsof “courtship
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sounds” (Neale 1989) � 50 ms in duration. The male
may then mount, occasionally vibrating his wings to
produce “copula sounds” (Neale 1989), and tapping
the female with his legs while intromitting. Females
can discriminate against males by choosing not to
alight on a leaf or by curtailing the interaction during
courtship or mounting. Hence, male performance at
each of these stages is highly pertinent to SIT.

One effect of irradiation that might lead to impaired
male performance is its known interference with the
editing of RNA that encodes genes for ion channels in
insect central nervous system (CNS) interneurons
(Haddad et al. 1997). Impaired functioning of inter-
neurons is known to cause defects in behavioral ac-
tivity and mobility (OÕFarrell 2001). We conducted
comparative investigations to identify differences in
wingbeat frequencies or pulse-train temporal patterns
between irradiated and untreated males that poten-
tially could be used by females to discriminate against
irradiated males.

Materials and Methods

Flies. Pupae were obtained between April and June
2005 from general production runs of the New South
Wales Department of Primary Industries, Elizabeth
Macarthur Agriculture Institute, fruit ßy rearing fa-
cility. Two bags of pupae were taken from a container
of clean pupae after sieving and held to anoxia. After
delivery to the irradiation facility at Lucas Heights,
one bag was irradiated (70Ð75 Gy in anoxia), and the
other bag was left untreated. The bags were sent to
Macquarie University by courier. On arrival at the
laboratory, the pupae were transferred to 1-liter plas-
tic emergence jars Þlled with crumpled paper. When
they emerged, most ßies climbed onto the paper until
their wings had hardened, and then ßew up to a 5-liter
maintenance cage (clear plastic, with a large mesh
window for ventilation) that was inverted over the
emergence jar. The maintenance cage above the
emergence jar was replaced daily. The ßies in each
maintenance cage were supplied with granular su-
crose and yeast autolysate enzymatic (MP Biomedi-
cals, Aurora, OH) in separate petri dishes for food, and
a water-soaked cotton wick for moisture. Within 4 d
after emergence, well before sexual maturation of ßies
from this source (Perez-Staples et al. 2007, Perez-
Staples et al. 2008, Prabhu et al. 2008), the ßies were
sorted by aspirator into separate male and female
cages of 50Ð100 ßies each and then maintained on the
same diet.

The ßies were held and the acoustic and video
recordings were conducted in a rearing room main-
tained at 24Ð26�C and 60Ð70% RH. The room had
uncovered windows so that the ßies experienced a
natural dusk. The lights were on for 12 h each day, but
always switched off at least 1 h before dusk.
Acoustic and Video Recordings. Recordings were

made in a sound-attenuating chamber constructed
from the modiÞed shell of a 50-liter refrigerator with
new rubber seals on the door. The interior walls were
lagged with two sheets of dense, 3-mm rubber and a

single sheet of 12-mm soft expanded foam, and cov-
ered with 38-mm acoustic foam (Illbruck Acoustic,
Inc., Minneapolis, MN). A double window of 5-mm-
thick clear acrylic (200 by 300 mm, 35-mm air gap
between layers) at the back of the chamber allowed
light to enter from a window in the laboratory to
provide a natural dusk.

Observation cages were constructed by rolling
PVC-coated Þberglass mesh (0.25-mm yarn, 7.2 by 12
strands per cm; Cyclone MINIweave, Dandenong
South, VIC, Australia) into 40-mm-long, 42-mm-diam-
eter cylinders and gluing the edges together. One end
of each cylinder was glued into the inside of a 42-mm
internal diameter, 8-mm-high plastic ring. Mesh was
glued over the outer face of the plastic ring, enclosing
the end of the cylinder. The mesh cylinder then made
up the walls of the cage, and the mesh glued across the
end made up the roof. A clear base for video obser-
vation was constructed from an identical plastic ring
onto which was glued a 5-mm-thick, 50- by 50-mm
transparent acrylic plate. To seal the ßies in for re-
cording, the open end of the mesh cylindrical cage was
lowered so that the open end Þtted snugly into the
plastic ring on the base.

Recordings were obtained from ßies aged 10Ð14-d.
On each day of recording, at least 3 h before dusk,
three irradiated and three untreated males were
gently transferred to separate test-cage mesh cylin-
ders using an aspirator. An untreated female was trans-
ferred to each cylinder, which was set on its base and
marked to enable identiÞcation of each ßy. The six
marked test cages were then placed on a bench next
to the recording chamber in front of a window. When
sexual activity commenced in any cage, it was re-
moved from the bench and placed into the sound-
attenuation chamber. The screen roof was posi-
tioned directly underneath a microphone (MK-10,
Sennheiser, Hanover, Germany), and the base was
positioned directly over the lens of an infrared sensi-
tive video camera (model 951130 CCS-Sony-HR N266,
Sony Corp., Tokyo, Japan). Supplementary infrared
light for video recording was provided by an Infra-Red
LED light source (930 nm) placed at the chamber
window. A preampliÞer (M-Box, Digidesign, Daly
City, CA) provided 48-V phantom power for the mi-
crophone input. The video and sound tracks were
digitized and combined in real time as a QuickTime
(Apple, Cupertino, CA) movie using a DRC-1500
PCI-X card (Digital Rapids, Markham, ON, Canada)
in a computer with Dual 3.2 GHz Xeon processors and
four GB RAM. The audio track was uncompressed
(44.1 kHz, 16 bits). The video track was compressed
using Mpeg-4 at 320 by 240 pixels and 25 frames per
second (standard PAL format). The behavior of pairs
was recorded until activity ceased or copulation oc-
curred. On most evenings, we were able to obtain
useable recordings from two or more males.

After recording was completed for the evening, all
pairs of ßies were euthanized using CO2, transferred
to a labeled vial, and stored in a freezer at �19�C. The
right wing of each ßy was removed and mounted onto
double-sided adhesive tape on a labeled microscope
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slide. A second slide was pressed onto the tape to
protect the wings from dust. The wing was photo-
graphed through the phototube of a dissecting micro-
scope (SZX12, Olympus, Tokyo, Japan) using a digital
camera (ProgRes C-10, Jenoptik, Jena Germany) con-
nectedtoanAppleiMaccomputer(1.8-GHzG4Power-
PC, 1-GB RAM) that was used to capture, calibrate
and measure images. Images were calibrated and four
distances between six landmarks on each wing were
measured using ImageJ 1.36b (National Institutes of
Health, Bethesda, MD; http://rsb.info.nih.gov/ij/)
and saved in a spreadsheet.
Signal Processing. The QuickTime movies were ed-

ited in Final Cut Pro HD version 3.0 (Apple, Cupertino,
CA)operatingonanAppleG5PowerMac(dual2.5-GHz
processors, 4.5-GB RAM). Sections of interest from each
recording were marked and exported to separate Þles.
During exporting, a time code from the parent Þle was
added to each frame, and brightness and contrast were
enhanced. Copies of the soundtracks from each of these
videos were exported as Audio Interchange File (.aif)
Þles.Because thevideoandaudiosharedacommontime
base, each sound could be synchronized with the cor-
responding behavior of the ßies.

In each recording, the Þrst bout of calling sounds
and the Þrst bout of courtship sounds with at least Þve
consecutive pulse trains were analyzed using Raven
1.2 (Cornell Lab of Ornithology, Ithaca, NY). The
start, midpoint, and end of each calling pulse train, and
the start and end of each courtship pulse train were
noted in a spreadsheet. The pulse train duration
(PTD) was calculated as the time between the start
and end of each train (Fig. 1). The pulse train interval

(PTI) was the time difference between the end of a
train and the start of the next train. The pulse train
period (PTP) was the time difference between the
starts of two consecutive trains (�PTD � PTI). Fast
Fourier transformations (FFT) were calculated on
2048-point time-slices of the waveforms using a Ham-
ming window, and spectrograms were calculated us-
ing sectionswith90%overlap.TheÞrstharmonic(fun-
damental frequency, FF) at the start, midpoint, and
end of each calling pulse train (Fig. 1), and at the
midpoint of each courtship pulse train (Fig. 2) was
noted in the spreadsheet. The Þrst harmonic is also the
wingbeat frequency (Webb et al. 1976).

Male or female ßights and copula sounds occurred
in some of the recordings. Because they were irregular
in duration and did not occur in discernible temporal
patterns, we measured the fundamental frequencies at
the midpoints of their pulse trains but did not analyze
their pulse train durations or intervals.
Statistical Analysis. JMP 4.0.2 (Sall et al. 2001) was

used to calculate the mean and median values of PTD,
PTI, PTP, and FF of the pulse trains in each bout. JMP
also used for analyses of variance, t-tests, and correlation
analyses of the median values of measured variables.
WhennototherwisespeciÞed,correlationwasmeasured
by the Pearson product moment correlation coefÞcient.

Results

Frequencies and Temporal Patterns of Wing Vi-
brations. Male B. tryoni produced four sounds in the
context of different behaviors during the recording
sessions, two of which, calling and courtship sounds,

Fig. 1. Example of male B. tryoni calling pulse-train oscillogram (A) and spectrogram (B), with power spectrum (C)
calculated by FFT of a 2048-point (0.046-s) time slice centered at time marked by a cursor in A and B.. The pulse train duration,
interval between pulse trains, and the period between the start of one train and the start of the next are designated as PTD,
PTI, and PTP, respectively. Darker shading in spectrogram indicates higher relative spectrum level. The FF marked by curser
in C is noted also at intersection of cursor and Þrst spectral band in B.
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were easily distinguished by their different pulse train
durations and intervals (Figs. 1 and 2; Table 1). Irra-
diated and untreated males were similar in distribu-
tions of the median fundamental frequencies at mid-
points of pulse trains in calling (hereafter designated
as calling wingbeat frequency, Fig. 3A) and courtship
(hereafter designated as courtship wingbeat fre-
quency,Fig. 3B).Theyalsowere similar indistribution
of median pulse train duration in calling (Fig. 4A) and
courtship (Fig. 5A). In contrast, irradiated and
untreated males differed considerably in distribu-

tions of the median intervals and periods between
pulse trains in calling (Fig. 4B and C) and courtship
(Fig. 5B and C).

Male sometimes produced copula sounds of rela-
tively constant frequency and variable amplitude after
mounting females (Fig. 6). In observations where cop-

Fig. 2. Example of male B. tryoni courtship pulse-train oscillogram (A), and spectrogram (B), with cursor at midpoint
of ninth pulse train (at 0.6 s) indicating center of time-slice for power spectrum (C). Inset at side of spectrum shows right
wing of male and the position of a wing-width index, WI, measured in correlating wing width with courtship median FF.

Table 1. Temporal characteristics of wing-vibration pulse
trains produced by untreated and irradiated male B. tryoni during
mating

Pulse-train parameter
Mean � SE of median

Untreated Irradiated

Calling (N � 22) (N � 29)
Median FF at midpoint (Hz) 315.7 � 6.2 326.8 � 5.4
Duration (ms) 141.5 � 22.3 150.7 � 19.4
aInterval (ms) (t � �2.018,
P � 0.049)

322.5 � 69.4 508.2 � 60.5

bPeriod (ms) (t � �2.31,
P � 0.025)

473.6 � 67.2 679.3 � 58.5

Courtship (N � 19) (N � 30)
Median FF at midpoint (Hz) 304.8 � 5.0 303.6 � 4.0
Duration (ms) 27.57 � 0.96 29.22 � 0.76
cInterval (ms) (t � 6.78,
P � 0.013)

11.76 � 1.50 16.70 � 1.12

dPeriod (ms) (t � 10.87,
P � 0.0019)

39.47 � 1.59 46.17 � 1.26

FFatmidpoint is the fundamental frequency(wingbeat frequency)
at the midpoint of the pulse train, andn is the number ofB. tryonipairs
observed.
a–d SigniÞcant differences between magnitudes of parameter val-

ues for untreated and irradiated males (t and P listed in parentheses).

Fig. 3. Distributions of median fundamental frequencies
of calling (A) and courtship (B) pulse trains (open versus
solid bars for untreated versus irradiated males, respec-
tively).
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ula sounds occurred with calling and/or courtship
sounds (Table 2), the FF at the midpoint of the Þrst
copula pulse train (hereafter designated as the copula
wingbeat frequency) was signiÞcantly lower than the
calling wingbeat frequency, but it was not different
from the courtship wingbeat frequency.

Occasionally, a male (Fig. 7) or a female (Fig. 8)
took ßight during the observation period, producing a
sound that could be identiÞed by its notably lower
frequency than for calling, courtship, or copula sounds
(Table 2). The wingbeat frequencies in ßights of ir-
radiated males, untreated males, and untreated fe-
males were not signiÞcantly different (mean FF � SE:
irradiated male, 171.0 � 3.95 Hz; untreated male,
174.6 � 3.78 Hz; female, 175.1 � 5.07; df � 2, 51; F �
0.299; P � 0.74).
Relationships between Wing Size and Wingbeat
Frequencies.One of the indices of wing size measured
for each tested male, a wing-width index (WI), shown
in the inset of Fig. 2, was found to be signiÞcantly
correlated with courtship wingbeat frequency of un-
treated males (r� �0.593,N� 19, P� 0.0075) but not
irradiated males (r � �0.11, N � 29, P � 0.57). No
signiÞcant correlations with WI were found for call-
ing, copula, or ßight FF of either irradiated or un-
treated males, but in all of these comparisons, wing-
beat frequency was negatively correlated with WI.
Relationships betweenCalling andCourtshipPulse
Trains. Correlations among the frequencies and tem-
poral patterns of calling, courtship, copulation, and
ßight sounds were considered in separate and com-

bined analyses of irradiated and untreated males. Al-
most all pairs of calling, courtship, ßight, and copula
FFs frequencies were signiÞcantly correlated (Table
3). These correlations were similar in irradiated and
untreated males, so the two groups were pooled for
the analysis.

Five other statistically signiÞcant correlations were
identiÞed in comparisons among pulse train durations
and intervals (Table 3), in addition to the two ex-
pected correlations between calling PTI and PTP, and
between courtship PTI and PTP. The correlations be-
tween courtship and calling median PTD, courtship
median PTD and calling median PTI, and courtship
and calling median PTI were signiÞcant only for irra-
diated males (Table 3).
Mating Success. The proportions of males that pro-

duced calling and courtship sounds, as well as the
proportion that ultimately copulated, are listed in Ta-
ble 4. There were no signiÞcant differences in the
proportions of irradiated and untreated males per-
forming these behaviors. However, the male ßight
wingbeat frequency was signiÞcantly lower for males
that copulated than those that failed (169.3 � 2.5 Hz
for 36 successful copulation attempts, and 203.3 � 8.6
Hz for three unsuccessful copulation attempts, t �
14.597, P� 0.0005). Similarly, the courtship wingbeat
frequency was signiÞcantly lower for untreated males
that copulated than for those that failed (299.8 � 4.7
Hz for 16 successful copulation attempts, and 331.7 �
7.5 Hz for three unsuccessful copulation attempts, t�
7.238, P� 0.016). The relationship between courtship

Fig. 5. Distributions of median durations (A), intervals
(B), and periods (C) of courtship pulse trains of untreated
(open bar) and irradiated (closed bar) males.

Fig. 4. Distributions of median durations (A), intervals
(B), and periods (C) in calling pulse trains of untreated
(open bar) and irradiated (closed bar) males.
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wingbeat frequency and copulation was not signiÞ-
cant for irradiated males.

Discussion

Comparisons with Mating Behaviors in Related
Species. The ranges of wingbeat frequencies and
pulse-train durations, intervals, and periods in Tables
1 and 2 are similar in many respects to those reported
previously by Neale (1989) for laboratory colonies of
B. tryoni and a close relative,B. neohumeralis (Hardy).
The high variation is reminiscent of that seen in wing
vibration sounds of C. capitata (Briceño et al. 2002),
other tephritids (Mankin et al. 1996), and drosophilids
(Ewing and Miyan 1986). The calling wingbeat fre-
quency distribution in Fig. 3A overlaps the distribu-
tions for both species studied by Neale (1989), who
reported frequencies ranging from 250 to 412 Hz for

B. tryoni, and from 337 to 473 Hz for B. neohumeralis.
Likewise, the courtship wingbeat frequency distribu-
tion in Fig. 3B overlaps the distributions in Neale
(1989), who reported frequencies ranging from 277 to
351 Hz for B. tryoni and from 331 to 439 Hz for B.
neohumeralis. The mean of 175 � 12.4 ms for B. tryoni
calling PTDs in Neale (1989) is well within the 100Ð
600-ms range of median PTDs in our study (Fig. 4A).

A greater difference was apparent in comparisons of
the PTI of B. tryoni calling sounds, with Neale (1989)
reporting a considerably shorter mean (160 � 14.5 ms)
than found in Table 1 for the median PTI of either
irradiated or untreated males, but still within the rel-
atively large overall range of 100-2000 ms in Fig. 4B.
The mean reported by Neale (1989) for PTD of court-
ship sounds was slightly shorter (20.0 � 1.2 ms) than
in the irradiated and untreated males we observed
(Table 1; Fig. 5A), but the mean PTI was appreciably
longer (26.0 � 1.3 ms). This value is higher than all
PTIs observed for untreated males in our study, and at
the upper end of the range observed for irradiated
males (Fig. 5B). Similar results held for the PTP (Figs.
4C and 5C). These differences between studies might
indicate differences in the populations from which
ßies were derived, but more likely stem from differ-
ences in mass-rearing-imposed selection, mainte-
nance conditions, or testing conditions.
Correlations among Mating and Sound Production
Behaviors. In many tephritid species, including Anas-
trepha suspensa (Loew) (Burk 1981, Burk and Webb
1983), Anastrepha fraterculus (Wiedemann) (Segura
et al. 2007), and C. capitata (Taylor and Yuval 1999),
larger males have higher mating success than small

Fig. 6. Example of copula pulse train oscillogram (A), and spectrogram (B), with vertical cursors at 0.064 s indicating
center of time-slice for power spectrum (C). The 244-Hz FF is indicated by a horizontal cursor in B and vertical cursor in
C. Variation of amplitude in A is likely due to changes in the orientations of the wings relative to the microphone.

Table 2. Differences in fundamental frequencies (FFs) at mid-
points of pulses in comparisons between copula and calling, court-
ship, and flight sounds in observations where both occurred

Compared
measurementa (Hz)

Mean
differenceb

N t P

Median calling FF
(324.63)

54.63 � 9.41 8 5.804 0.0007

Median courtship FF
(302.55)

25.91 � 15.38 11 1.685 0.1229

Male ßight FF (165.73) �104.6 � 8.3 15 �12.583 �0.0001

N is the number of observations compared � SE.
aMean of the N observations of the speciÞed FF.
bMean difference between FF of compared measurement and FF

at midpoint of Þrst copula pulse train.
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males, possibly as a result of female discrimination.
Several aspects of B. tryonimating behavior observed
in this study are consistent with a potential role of
acoustic courtship in female selection of larger mates.
Consider, for example, the result above (in Mating
Success) that the courtship wingbeat frequency of
males who copulated successfully was signiÞcantly
lower than that of unsuccessful males, and also the
Þnding of a negative correlation between the WI (Fig.

2) and courtship wingbeat frequency (in Relation-
ships between Wing Size and Wingbeat Frequencies).
Studies with other insects have noted negative corre-
lations between body weight and ßight wingbeat fre-
quency (Byrne et al. 1988, Darveau et al. 2005), and
positive correlations between wing size and body
weight (e.g., Darveau et al. 2005). Additionally, there
was a signiÞcant correlation between ßight and court-
ship wingbeat frequencies (Table 3). Such a series of

Fig. 7. Example of male ßight oscillogram (A) and spectrogram (B), with vertical cursors at 0.1125 s indicating center
of time-slice for power spectrum (C). The 176-Hz FF is indicated by horizontal cursor in B and vertical cursor in C.

Fig. 8. Example of female ßight oscillogram (A) and spectrogram (B), with vertical cursors at 0.41 s indicating center
of time-slice for power spectrum (C). The 177-Hz FF is indicated by horizontal cursor in B and vertical cursor in C.

670 ANNALS OF THE ENTOMOLOGICAL SOCIETY OF AMERICA Vol. 101, no. 3



correlations is consistent with a hypothesis that a rel-
atively lower courtship wingbeat frequency is associ-
ated with relatively larger male size. Consequently, a
female B. tryonimay have potential to assess male size
by assessing the fundamental frequency of the court-
ship sound, and, like a female A. suspensa (Burk and
Webb 1983), may be using this information in deciding
whether to copulate with a courting male.

It was not possible to conÞrm a direct relationship
between female preference and male size in this study,
however. Although untreated males that copulated
did have a slightly higher wing-width index than those
that failed this difference was not signiÞcant (WI �
1.705 � 0.034 for four males that did not copulate, and
WI � 1.726 � 0.0135 for 26 males that copulated, t �
0.326,P� 0.57). It should be noted also that, as in other
studies that examined the effect of maleB. tryoniwing
length on mating success (Perez-Staples et al. 2007,
Perez-Staples et al. 2008, Prabhu et al. 2008), there was
no signiÞcant difference in the wing length of males
that copulated and those that failed. Such results sug-
gest that additional factorsbesideswing sizeplaya role
in the decision by a femaleB. tryoni to copulate or not.

A possible explanation for the strength of the rela-
tionships identiÞed among the calling, courtship, and
ßight fundamental frequencies in Table 3 can be seen
in previous studies on the biomechanics (Boettiger
and Furshpan 1952, Miyan and Ewing 1985) and neu-
romuscular control (Machin and Pringle 1959, Nachti-
gall and Wilson 1967) of insect ßight. In Diptera and
several other insect orders, the wings are moved in-
directly by asynchronous muscles attached to the tho-
rax. The muscle-thorax ßight motor operates as a res-
onant structure, oscillating at a rate dependent on the
inertia and the stiffness of the attached load (Machin
and Pringle 1959). The amplitude of dipteran wing
vibrations is determined partly by the positioning of
pleural sclerites which act as mechanical stops to the
motion of structures that drive the wings (Boettiger
and Furshpan 1952). If the behaviors that produce
calling and courtship sounds involve the setting of the
pleural sclerites to Þxed stops that restrict the wing-
vibration amplitude to a small, narrow range, the wing
loading becomes negligible, and the vibration fre-
quency will approach the maximal level of an un-
damped ßight motor (e.g., King et al. 1996). It can be
predicted, then, that the frequencies of the calling and
courtship sounds of each male approach the reso-
nance frequency of its ßight motor, and the frequen-
cies of copula and ßight sounds decrease proportion-
ately from this level as the vibration amplitude
increases. Such a prediction is consistent with the
results of Table 3. Similar mechanisms may also un-
derlie the sounds of other tephritids, including C.
capitata (Webb et al. 1983), that produce calling
sounds with low-amplitude vibrations, and bees that

Table 3. Correlations between measured properties of sounds produced during calling, courtship, copulation, and flight: relationships
among fundamental frequencies, and courtship and calling pulse train durations, intervals and periods

Measurement Correlated measurement N rs P

Fundamental frequency
Call-start median Call-midpoint median 48 0.9174 �0.0001
Call-start median Call-end median 48 0.8876 �0.0001
Call-midpoint median Call-end median 48 0.9596 �0.0001
Court median Call-start median 27 0.6487 �0.0001
Court-median Call-midpoint median 27 0.6367 �0.0001
Court median Call-end median 27 0.5234 0.0051
Court median Male ßight 31 0.3024 �0.0001
Male ßight Call-start median 21 0.5242 �0.0001
Male ßight Call-midpoint median 21 0.5770 �0.0001
Male ßight Call-end median 21 0.5273 0.0140
Male ßight Copula 14 0.5083 �0.0001
Copula Call-start median 8 0.6717 0.0002
Copula Call-midpoint median 8 0.7362 0.0007
Copula Call-end median 8 0.8217 0.001

Pulse-train
Call median PTI Call median PTD 48 �0.312 0.0309
Court median PTP Court median PTD 49 0.391 0.0055
Court median PTD Call median PTD (irradiated only)a 18 0.550 0.0179
Court median PTD Call median PTI (irradiated only)b 18 �0.520 0.0269
Court median PTI Call median PTI (irradiated only)c 18 0.628 0.0053
Call median PTI Call median PTD 48 �0.312 0.0309

N is number of B. tryoni ranked pairs; rs is SpearmanÕs rank correlation coefÞcient; except where speciÞed, irradiated and untreated males
were combined.
a N � 9, rs � �0.237, P � 0.539 for untreated.
b N � 9, rs �0.085, P � 0.828 for untreated.
c N � 9, rs �0.395, P � 0.293 for untreated.

Table 4. Comparison of the proportions of B. tryoni perform-
ing calling, courtship, and copulatory behaviors in 31 tests of three
untreated and three irradiated males in separate cages with un-
treated females

Behavior
Mean

untreated
Mean

irradiated
t P

Calling 0.61 � 0.05 0.58 � 0.06 0.394 0.348
Courtship 0.33 � 0.05 0.38 � 0.06 �0.571 0.285
Copulation 0.44 � 0.06 0.42 � 0.06 0.261 0.398
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produce low-amplitude, high-frequency vibrations for
pollen sonication, defense, and soil compaction (King
et al. 1996).

The phenomenon of sonication suggests the possi-
bility of a role for tephritid calling-sound production
that has not been discussed previously. The calling
sounds of B. tryoni are structurally similar to those of
several other tephritids where roles in mate attraction
have been proposed or conÞrmed, including B. cucur-
bitae (Kanmiya et al. 1987),A. suspensa (Sivinski et al.
1984), andC. capitata (Webb et al. 1983, Mankin et al.
2004). During calling, B. tryonimales periodically rub
the rear of their abdomen with the hind legs and then
rub the wings with these legs (Neale 1989; unpub-
lished data). This behavior very likely serves to dis-
perse a sex pheromone that is produced in the pos-
terior ventral wall of the rectum and released from the
anus by muscular contraction (Fletcher 1968). The
pheromone transferred to the wings would be vola-
tilized more rapidly by the wing movements than by
passive evaporation from the abdomen (Webb et al.
1983, Briceño and Eberhard 2000). In addition, in B.
tryoni and several other species of the subfamily Daci-
nae (Kuba and Sokei 1988, Neale 1989), pheromone
may be volatilized by vibration-induced transfer of
pheromone to hairs on the wings, which then rub
against bristles on the third abdominal tergite. A third
possibility is that some of the energy produced by the
ßight motor is transferred to the thorax and abdomen
when the wing motion is stopped by the pleural scle-
rites. The abdominal vibrations produced by the wing-
sclerite contact could serve as an additional mecha-
nism of pheromone dispersal from the abdomen. The
vibration of stamens and anthers during sonication by
bees is considered to be an effective method for re-
leasing pollen from ßowers (King and Buchmann
1996), and vibrations of surfaces containing liquids are
known to be a useful method of producing aerosols
(e.g., Zentner 1961).
Differences between Sounds of Irradiated and Un-
treated Males. The differences that we observed
between wing-vibration behaviors of irradiated and
untreated males were primarily in the timing of pulse
train intervals (Table 1) and durations (Table 3) of
calling and courtship. Conceivably, these timing dif-
ferences could be the result of irradiation insults to
neural timing mechanisms that have been proposed to
control wing vibrations during courtship in other
dipterans (e.g., Ewing and Miyan 1986). Known ef-
fects of irradiation on the CNS include interference
with the editing of RNA that encodes genes for ion
channels in interneurons (Haddad et al. 1997), which
ultimately leads to defects in behavioral activity and
mobility (OÕFarrell 2001). Thus, it is not at all surpris-
ing that many studies have found irradiated mass-
reared tephritids to be somewhat less competitive
than their fertile mass-reared or wild counterparts.
Excessive doses have massively debilitating effects on
sexual competitiveness of tephritid ßies (C. capitata:
Hooper 1971, 1972; Lux et al. 2002; A. obliqua: Toledo
et al. 2004;B. tryoni:Bhatti and Shipp 1972). However,
even the irradiation doses that are widely accepted as

suitable for SIT can reduce sexual competitiveness
relative to untreated ßies (Hendrichs et al. 2002, Lux
et al. 2002, Rull et al. 2005).

Lux et al. (2002) found that irradiated maleC. capitata
were less likely to call and overall seemed “less sexually
motivated.” Hence, the reduced sexual competitiveness
of irradiated ßies in that study may have resulted from
low levels of sexual effort. Results of the current study
suggest, in addition, that effects of irradiation on male
calling and courtship sounds also could play a role in
reduction of sexual competitiveness. For example, the
PTIs and PTPs of calling and courtship sounds produced
by irradiated males were signiÞcantly longer than those
of untreated males (Table 1), perhaps reßecting a di-
minished ability to maintain or recover from the effort of
sound production. This is the Þrst study to have identi-
Þed an effect of irradiation on the calling and courtship
sounds of a tephritid ßy.

Nonetheless, the observed differences in temporal
patterns of wing vibrations produced by irradiated and
untreated male B. tryoni did not result in differential
mating success in the test cages (Table 4). Similarly,
Harmer et al. (2006) and Perez-Staples et al. (2007)
found no differences in mating tendency of irradiated
anduntreatedB. tryoniwhentested in1-litercages in the
laboratory. However, laboratory mating behavior bioas-
saysdonotnecessarilyprovideanaccurateassessmentof
malecompetitiveness intheÞeld(Hendrichsetal.2002).
Lux et al. (2002) found, for example, that the effects of
irradiation dose on the competitiveness of male C. capi-
tataweremoreapparent in largeÞeldcages than in small
laboratory cages. Consequently, it currently remains un-
clear whether the observed effects of irradiation on the
mating sounds of mass-reared male B. tryoni have any
bearing on their sexual competitiveness under natural
conditions.
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